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Summary

Tumor associated macrophages play a vital role in determining the out-

come of breast cancer. We investigated the contribution of the chemokine

receptor CXCR3 to antitumor immune responses using a cxcr3 deficient

mouse orthotopically injected with a PyMT breast cancer cell line. We

observed that cxcr3 deficient mice displayed increased IL-4 production

and M2 polarization in the tumors and spleens compared to WT mice

injected with PyMT cells. This was accompanied by larger tumor develop-

ment in cxcr3�/� than in WT mice. Further, tumor-promoting myeloid

derived immune cell populations accumulated in higher proportions in

the spleens of cxcr3 deficient mice. Interestingly, cxcr3�/� macrophages

displayed a deficiency in up-regulating inducible nitric oxide synthase

after stimulation by either IFN-c or PyMT supernatants. Stimulation of

bone marrow derived macrophages by PyMT supernatants also resulted in

greater induction of arginase-1 in cxcr3�/� than WT mice. Further,

cxcr3�/� T cells activated with CD3/CD28 in vitro produced greater

amounts of IL-4 and IL-10 than T cells from WT mice. Our data suggests

that a greater predisposition of cxcr3 deficient macrophages towards M2

polarization contributes to an enhanced tumor promoting environment in

cxcr3 deficient mice. Although CXCR3 is known to be expressed on some

macrophages, this is the first report that demonstrates a role for CXCR3

in macrophage polarization and subsequent breast tumor outcomes. Tar-

geting CXCR3 could be a potential therapeutic approach in the manage-

ment of breast cancer tumors.

Keywords: arginase-1; breast cancer; CXCR3; inducible nitric oxide

synthase; tumor associated macrophages.

Introduction

Tumor associated immune cells together with their state

of activation and differentiation play a major role in

determining the outcome of a majority of human cancers

of the breast and other tissues.1,2 The presence of Th1

cells, NK cells and cytotoxic CD8 cells within the tumor

microenvironment is generally associated with regression

of tumors and a favorable prognosis.1,3 In contrast, infil-

tration by Th2 cells, Tregs and B cells promote tumor

development and disease progression.4 Tumor associated

macrophages (TAMs) generally differentiate into alterna-

tively activated (M2) phenotypes in response to distinct

signals within the tumor environment (such as IL-4, IL-

10, IL-13, TGF-b, M-CSF), which in turn contribute to

tumor growth and progression.2,5–7 Understanding the

mechanisms that direct the activation and differentiation

of immune cell populations in response to a tumor chal-

lenge will provide a basis for novel cancer therapeutic

strategies.

The chemokine receptor CXCR3 has long been known

to contribute to the migration, activation and differentia-

tion of a number of immune cells, and has been shown to

play a major role in a wide range of infectious, autoim-

mune and neoplastic diseases,8–14 CXCR3 is expressed by

Th1 cells, cytotoxic CD8 T cells, NK and NKT cells and it

Abbreviations: PyMT, Polyoma Middle T; IL, Interleukin; TAM, Tumor associated Macrophage; IFN, Interferon
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has been shown to be involved in their activation. It is

regulated by the transcription factor T-bet and therefore

generally considered a canonical marker for Th1 cells.15 As

a chemokine receptor, CXCR3 mediates the recruitment

of effector cells to inflammatory sites and is essential for

the resolution of a number of infectious diseases that

require a Th1 immune response for protection.9,10,12

In the context of cancer, reports on the role of CXCR3

appear to be conflicting. In some murine breast cancer

models, expression of CXCR3 has been associated with

poor prognosis and metastasis of tumor cells.16,17 In other

models, migration of tumor infiltrating NK cells and effec-

tor T cells to tumor sites require the expression of CXCR3

ligands MIG and IP-10, resulting in tumor suppression and

control of metastasis.18,19 This has led some researchers to

explore therapeutic strategies which involve stimulating the

production of these ligands in human breast cancer.20

CXCR3 is also expressed in macrophages,21–23 and a

few reports have demonstrated a requirement for CXCR3

in the recruitment and activation of macrophages in some

animal disease models.24–26 However, not much is known

about the role CXCR3 plays in the recruitment and acti-

vation of TAMs in murine breast cancer models.

Although classically activated M1 macrophages possess

tumoricidal activity, majority of TAMs in solid tumors

are characterized as alternatively activated M2 macro-

phages, which have been shown to contribute to tumor

progression and poor prognosis in cancer patients.27 The

molecular mechanisms and factors that determine the

presence and activation state of TAMs within breast can-

cer tumors are still not completely understood.

It is evident that the role for CXCR3 in breast cancer is

complex and dependent on a number of factors including

cancer type, stage of disease and the interactions between

CXCR3 expressing cells within the tumor microenviron-

ment. In this study, we examine the role of CXCR3 in an

orthotopic breast cancer murine model using cxcr3�/�

mice injected with a breast cancer cell line derived from

an MMTV-PyMT transgenic mouse. We provide evidence

that the absence of CXCR3 contributes to enhanced

growth and progression of breast cancer tumors as well as

increased levels of tumor enhancing immune cells and

host factors.

Materials and methods

Mice, cell lines and cancer injection protocol

C57BL/6 mice and cxcr3�/� mice were maintained at the

Ohio State University animal facility according to animal

protocols and University Laboratory Animal Resources

(ULAR) regulations. All experiments were approved by the

Institutional Animal Care and Use Committee (IACUC)

and Institutional Biosafety Committee (IBC) of the Ohio

State University. Polyoma Middle T (PyMT) encoded

breast cancer cell lines (derived from C57BL/6 MMTV-

PyMT mice) were kindly provided by Dr. Hai28 at The

Ohio State University Medical Center and maintained in

DMEM-F12 cell culture media (Invitrogen, Carlsbad, CA).

One million PyMT cells were injected into the mammary

glands (# 4) of 6 week old female WT and cxcr3�/� mice.

Animals were monitored daily for 6–7 weeks and animals

were sacrificed at the end of the 7 week period or until

tumors met the requirements for a humane endpoint.

Tumor measurements

Tumor growth was monitored weekly for 7 weeks and

measured using digital calipers to determine the widths

and lengths of the tumor. Tumor volumes were deter-

mined by the formula 0�52 9 a 9 b2, where a and b are

the long and short diameters of the tumors respectively.29

Mice having tumors with diameters between 1�5 and

2 cm were sacrificed as an experimental endpoint accord-

ing to the animal protocol.

Flow cytometry

Single cell suspensions were prepared from spleens and

tumors of WT and cxcr3�/� mice, washed with PBS and

blocked with normal mouse serum or anti CD16/CD32

antibodies. Cells were incubated with conjugated antibod-

ies against various cell surface markers including CD4,

CD8, CD3, NK1�1, F4/80, CD206 and CD11b (Biolegend,

SanDiego, CA). Cells were acquired on a BD FACS Calibur

(BD Biosciences, San Jose, CA) and analysis was performed

with FlowJo software (Tree Star, Inc., Ashland, OR).

Real-time PCR analysis

Total RNA from spleens and tumors were extracted using

TRIzol reagent (Invitrogen). RNA concentration was

determined by absorbance at 260 nm. One microgram

RNA was used for first strand cDNA synthesis with

SuperScript VILO cDNA synthesis kit (Invitrogen). Pri-

mer sequences and cycling conditions for real-time PCR

were obtained using the Harvard Medical School’s

PRIMER BANK website (http://pga.mgh.harvard.edu/

primerbank/index.html). PCR amplification was performed

in an Opticon Real-Time PCR cycler (Biorad, Hercules,

CA) using SYBR Green (BioRad) for detection. Data were

normalized to b-actin and presented as fold induction over

unstimulated cells using the DDCT method.

Histology and immunohistochemistry

Tumors from WT and cxcr3�/� mice were either formalin

fixed tissue embedded (FFPE) or cryopreserved in OCT

medium for histological analysis and immunohistochemistry.

For histological analysis, FFPE sections were stained with
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H&E and slides were examined under a Ziess light micro-

scope. For immunohistochemistry, cryosections were

stained with arginase-1 (Santa Cruz Biotechnology Inc, Santa

Cruz, CA 1 : 200), and rabbit anti-mouse inducible nitric

oxide synthase (iNOS; Abcam, Cambridge, MA 1 : 200) for

60 min at room temperature. Vectastain Elite ABC reagents

(Vector Laboratories, Burlingame, CA), using avidin DH:bio-

tinylated horseradish peroxidase H complex with 3,30-diam-

inobenzidine (Polysciences, Warrington, PA) and Mayer’s

hematoxylin (Fisher Scientific, Pittsburgh, PA), were used for

detection of the bound antibodies.

In vitro T cell activation

Single cell suspensions were obtained from excised lymph

nodes and spleens of naive WT and cxcr3�/� mice.

Splenocytes were incubated with Boyle’s solution at room

temp for 10 min to lyse red blood cells then washed with

RPMI supplemented with 10%FBS. Enriched T cell popu-

lations were obtained by passing cell suspensions through

nylon wool columns. Cells were incubated at 0�5–
2�5 9 106 cells/well with plate bound anti-CD3 (3 lg/ml,

clone 145–2C11) and anti-CD28 (4 lg/ml, clone 37�51)
Abs (Biolegend) for 48, 72 and 96 hr. Following in vitro

activation, culture supernatants were analyzed for cyto-

kine production using ELISA.

Cytokine ELISA

Cytokine ELISAs were performed on culture supernatants

of in vitro activated BMDMs. Briefly, purified anti-mouse

IL-6, IL-10, IL-12 and TNF-a monoclonal antibodies

(Biolegend) were used as capture antibodies for each

respective ELISA. Recombinant mouse IL-6, IL-10, IL-12

and TNF-a (BD pharmingen, San jose, CA) were used as

standards. Detection of cytokines was performed using

biotinylated anti-mouse antibodies (Biolegend), streptavi-

din conjugated alkaline phosphatase (BD pharmingen)

and p-nitrophenyl phosphate (PNPP) (ThermoFisher Sci-

entific, Pittsburg, PA) as substrate. Plates were read using

Spectramax Mwicroplate reader (Molecular Devices LLC,

Sunnyvale, CA) at an absorbance of 405 nm. Cytokine

concentrations were determined by extrapolating from

the generated standard curve using Softmax Pro software

(Molecular Devices LLC).

Generation and stimulation of bone marrow derived
macrophages

Single cell suspensions were prepared from bones of

C57BL/6 and cxcr3�/� mice. After red blood cell (RBCs)

lysis with ACK lysis buffer, BMDMs were generated by

incubating cells with 2% Colony Stimulating Factor

(CSF), 10% FBS, 1% Pen-Strep and 1% HEPES in RPMI

1640 media at 37° with 5% CO2 for about 72 hr.

BMDMs were stimulated with 10 ng/ml recombinant

mouse IFN-c (Roche, Indianapolis, IN), 20 ng/ml IL-4

(Roche), 1 lg/ml LPS (Sigma Aldrich, St. Louis, MO) or

PyMT supernatants for 24, 48 and 72 hr. RNA was

extracted from cells for real time PCR analysis and cell

culture supernatants were harvested for cytokines analysis

and nitric oxide production.

Nitric oxide assay

Release of nitric oxide from stimulated BMDMs in culture

supernatants was determined by measurement of nitrite

using Griess reagent (Sigma Aldrich) with sodium nitrite

as standard. Plates were read using a Spectramax M3 mi-

croplate reader (Molecular Devices LLC) at an absorbance

of 570 nm. Concentrations of nitric oxide were deter-

mined by extrapolating from the generated standard curve

using Softmax Pro software (Molecular Devices LLC).

In vivo antibody injections

Cxcr3�/� mice injected with PyMT cells were treated with

either 1 mg rat anti IL-4 monoclonal antibody (BioXcell,

West Lebanon, NH) or rat IgG isotype control (Sigma

Aldrich) weekly for 5 weeks via the intra-peritoneal route.

Lesions were monitored and tumor weights were deter-

mined.

Statistical analysis

Student’s unpaired t test was used to determine statistical

significance of values obtained. P values < 0�05 were con-

sidered statistically significant.

Results

Increased tumor growth in cxcr3�/� mice injected
with PyMT breast cancer cell line

To determine whether CXCR3 plays a role in the control

of tumor progression in an in vivo orthotopic model of

breast cancer, we injected PyMT breast cancer cells,

derived from MMTV-PyMT transgenic mice, into the

mammary glands of female WT and cxcr3�/� C57BL/6

mice and followed the development of tumors daily. This

cell line produces aggressive and rapidly developing

tumors in C57BL/6 mice. As expected, tumors from both

groups developed rapidly, but we observed that tumor

volumes in cxcr3�/� mice were significantly greater than

WT mice beginning at week 2 (Fig. 1a). This was accom-

panied by a significant increase in the sizes of tumors

from cxcr3�/� mice (Fig. 1b). These results indicate that

the absence of CXCR3 contributes increased tumor

growth and progression in a PyMT orthotopic syngeneic

model of breast cancer.

ª 2014 John Wiley & Sons Ltd, Immunology, 143, 109–119 111

CXCR3 inhibits breast tumor progression



Frequency of tumor infiltrating lymphocytes in PyMT
injected WT and cxcr3�/� C57BL/6 mice

Since tumor infiltrating lymphocytes play a role in anti-

tumor immune responses to breast cancer, we analyzed

the frequency of T cells in breast tumors, draining lymph

nodes and spleens of mice with orthotopic PyMT breast

cancer cells. We observed slightly higher numbers of

tumor infiltrating CD4+ cells and CD8+ cells in WT than

in cxcr3�/� mice although differences were not statisti-

cally significant (Fig. 2a,b). In the spleens, lymphocytic

populations were comparable in both groups of mice,

although in the draining lymph nodes, the frequency of

CD4+ and CD8+ T cells are slightly increased in cxcr3�/�

breast cancer tumor bearing mice (Fig. 2c,d). These

results suggest that migration of T cells to tumor sites is

slightly increased in WT mice, but is not severely

impaired in cxcr3�/� mice in the PyMT breast cancer

model. To characterize the immune responses generated

by these immune cell populations within the tumor

microenvironment, we analyzed IL-4, IL-10 and IFN-c
mRNA levels by real time PCR. While IFN-c levels were

similar in both tumors derived from WT and cxcr3�/�

mice, levels of the Th2 cytokine IL-4 were higher in

cxcr3�/� mice group (Fig. 2e-g). Taken together these

findings suggest that the migration of T cells is slightly

impaired in cxcr3�/� mice, and increased production of

IL-4 by tumor infiltrating immune cells could contribute

to enhanced progression of breast cancer in the PyMT

orthotopic syngeneic mouse model.

M2 macrophage populations are increased in cxcr3�/�

mice containing tumors

To determine other cellular mechanisms responsible for

increased tumor growth in the absence of CXCR3, we

next examined various tumor associated immune cell

populations involved in tumor growth of WT and cxcr3�/�

mice injected with PyMT cells. We observed similar levels

of macrophage infiltration into tumor sites in WT and

cxcr3�/� groups of injected mice (Fig. 3a). Further,

cellular expression of IL-4 receptor and mannose receptor

in these macrophage populations were comparable in

both groups of mice, indicative of macrophage polariza-

tion towards the alternatively activated phenotype

(Fig. 3b,c), which is generally associated with tumor pro-

gression in a number of cancer models.2 Interestingly,

analysis of tumors from both groups of mice via immu-

nohistochemistry revealed greater amounts of arginase-1,

an enzyme known to mediate M2 macrophage activity,30

in cxcr3�/� mice than WT mice (Fig. 3d). Further, induc-

ible nitric oxide synthase (iNOS), which is produced

mainly by M1 macrophages was less in tumors of cxcr3�/�

mice compared to WT mice (Fig. 3e). Taken together,

these results suggest that macrophage polarization to the

tumor promoting M2 phenotype in PyMT breast cancer

tumors is enhanced in the absence of CXCR3.

Accumulation of tumor promoting myeloid derived
immune cell populations in the spleens of cxcr3�/�

mice with breast cancer

Since spleens of tumor bearing mice are known to con-

tain increased proportions of M2 macrophages,31 we ana-

lyzed this and other cell populations in the spleens of

cxcr3�/� and WT mice injected with PyMT breast cancer

cells. Flow cytometric analysis of splenic populations

revealed enhanced accumulation of F4/80lo CD11b+ cells

(P1) which express IL-4 receptor as well as F4/80med

CD11b+ cells (P2) expressing mannose receptor and IL-4

receptor in cxcr3�/� mice compared to WT mice

(Fig. 4a–d), suggestive of the phenotype associated with

myeloid derived suppressor cells. Further, the accumula-

tion of F4/80hi CD11b+ population (P3) was enhanced in

the spleens of cxcr3�/� mice with breast cancer tumors

and displayed higher surface expression of mannose

receptor than WT counterparts (Fig. 4b,d), indicative of

an increased M2 polarized profile. Further, mRNA

expression levels of arginase-1 in the spleens of cxcr3�/�

mice were higher than in WT mice (Fig. 4e). These

results demonstrate that the absence of CXCR3 promotes
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Figure 1. Increased tumor growth in cxcr3�/� mice injected with PyMT breast cancer cell line: (a) Volumes of tumors of WT and cxcr3�/� mice

injected with PyMT cancer cell line. Measurements were taken using an external digital caliper. Data are mean values from 8 to 10 individual

mice per group and are representative of three independent experiments with similar results. *P < 0�05. (b) Representative images of tumors

from WT and cxcr3�/� mice injected with PyMT cell line.
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the accumulation and differentiation of immune cell pop-

ulations in the spleen which contribute to an immune

response that favors tumor growth and progression.

In vitro activation of T cells and macrophages
obtained from cxcr3�/� mice favor M2 polarization

To delineate cellular mechanisms why cxcr3�/� mice dis-

play an increased M2 polarized immune response during

PyMT breast cancer progression, we examined whether

the absence of CXCR3 affects activation/differentiation of

T cells and macrophages under various stimulation con-

ditions. Although it is well established that CXCR3

ligands contribute to Th1 polarization through an IFN-c
mediated pathway, we observed that T cells from cxcr3�/

� mice produce similar amounts of IFN-c as WT after in

vitro activation with anti CD3 and anti CD28 antibodies

(Fig. 5a). Interestingly, amounts of Th2 cytokines IL-4

and IL-10 were increased in cxcr3�/� T cells activated

with anti CD3/CD28 antibodies compared to WT

(Fig. 5b,c), while amounts of IL-13 were similar between

the groups (Fig. 5d). Combined with our in vivo cytokine

induction data in tumor injected mice, these results dem-

onstrate that activation of cxcr3�/� T cells result in pro-

duction of cytokines that favor macrophage M2

polarization.

We further examined whether macrophages from

cxcr3�/� mice have a greater propensity towards M1 or

M2 polarization compared to WT macrophages under

various stimulation conditions. Cytokine and nitric oxide

production as well as iNOS mRNA expression of bone

marrow derived macrophages (BMDMs) from na€ıve WT

and cxcr3�/� mice were measured after in vitro stimula-

tion with IL-4, LPS, IFN-c or LPS/IFN-c. Production of

cytokines TNF-a, IL-6 and IL-10 by BMDMs after LPS

and IFN-c stimulation were comparable in cxcr3�/� and

WT mice (Fig. 6a). Nitric oxide production by both

groups of mice was similar after LPS or LPS/IFN-c stimu-

lation (Fig. 6b). However, IFN-c stimulation of BMDMs

produced greater amounts of nitric oxide in WT mice
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Figure 2. Frequency of tumor infiltrating lymphocytes in WT and cxcr3�/� C57BL/6 mice injected with PyMT breast cancer cell line: (a and b) Per-

centages of (a) CD4+ and (b) CD8+ T cells in tumors of WT and cxcr3�/� mice injected with PyMT cancer cells. (c and d) Percentages of CD4+ T

cells, CD8+ T cells and NK cells in (c) spleens and (d) lymph nodes of WT and cxcr3�/� mice injected with PyMT cancer cells. Data are mean values

from 4 to 5 individual mice per group and are representative of three independent experiments with similar results. *P < 0�05. (e–g) Real time PCR

analysis of (e) IL-4, (f) IL-10 and (g) IFN-c mRNA induction in tumors of WT and cxcr3�/� mice injected with PyMT cancer cells. Data shown are

mean � SE of duplicates from four or five individual mice per group and are representative of three individual experiments. *P < 0�05.
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than in cxcr3�/� mice (Fig. 6b). Further, iNOS mRNA

levels were greater in WT BMDMs stimulated with IFN-c
than in cxcr3�/� BMDMs (Fig. 6c), while IL-4 stimula-

tion resulted in comparably enhanced induction of argi-

nase-1 mRNA in both groups of BMDMs (Fig. 6d).

These results show that the absence of CXCR3 impedes

the response of BMDMs to IFN-c stimulation and subse-

quent induction of iNOS and production of nitric oxide.

This deficiency in IFN-c responsiveness could play a role

in the increased macrophage M2 polarization that is

observed in cxcr3�/� mice.

BMDM stimulation by PyMT supernatants result in
increased M2 polarization in cxcr3�/� mice

As a more relevant indicator of macrophage behavior in

response to PyMT breast cancer progression, we exam-

ined BMDM responses to stimulation by PyMT superna-

tants in vitro. BMDMs from cxcr3�/� mice displayed

significantly greater induction of arginase-1 mRNA

after stimulation with PyMT supernatant (Fig. 6e).

Conversely, levels of iNOS mRNA induction were

significantly lower in cxcr3�/� BMDMs than WT coun-

terparts (Fig. 6f). Taken together, these results show that

macrophage populations in cxcr3�/� mice display an

increased tendency towards M2 polarization after in vitro

activation under stimulation conditions potentially expe-

rienced during breast cancer development and tumor

progression.

IL-4 blockade does not reduce tumor progression in
cxcr3�/� mice

Our in vivo and in vitro data suggested that enhanced IL-

4 production by tumor bearing cxcr3�/� mice might be a

possible mechanism for the observed increase in tumor

growth. We therefore determined whether blockade of IL-

4 using anti-IL-4 antibody could reduce tumor progres-

sion in cxcr3�/� mice. Interestingly, tumor growth in

anti-IL-4 treated cxcr3�/� mice remained similar to iso-

type control treated cxcr3�/� mice (Fig. 7). Our result

indicates that IL-4 might play a minimal/secondary role

in determining the outcome of breast cancer tumors in

cxcr3�/� mice.
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Discussion

Our study reveals a role for CXCR3 in the control of

breast cancer tumorigenesis in an orthotopic PyMT

model of breast cancer. Recent studies have shown that

expression of CXCR3 promotes breast cancer metasta-

sis16,32 and has been suggested as a prognostic indicator

for breast cancer survival33,34 in patients and in some

murine models. In other studies, exogenous expression of

CXCR3 ligands CXCL919 or CXCL1135 have been shown

to promote an anti-tumor microenvironment leading to

tumor regression, and this approach has been suggested

as a possible therapeutic target in breast cancer patients.20

In this study, we extend the role for CXCR3 using a mur-

ine model of orthotopic breast cancer and provide evi-

dence that the absence of the chemokine receptor CXCR3

in the host contributes to the progression of tumors in

this model.

Tumor infiltrating lymphocytes (TILs) within the tumor

microenvironment are essential in generating an antitumor

immune response, and tumor suppressive T cells and NK

cells have been shown to play a major part.19,36,37 In our

breast cancer model, we observed slightly increased num-

bers of infiltrating CD4+ and CD8+ T cells in the tumors of

WT than in cxcr3�/� mice. Owing to the redundancy in

chemokine receptor mediated cellular migration during

inflammatory conditions, it is not surprising that CD4+ and

CD8+ T cells infiltrated tumors of cxcr3�/� mice. It was sig-

nificant though, that increased levels of IL-4 mRNA were

observed in tumors of cxcr3�/� mice, suggesting greater

proportions of Th2 cells in the tumor. We also observed

increased IL-4 gene expression in the spleens of cxcr3�/�
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compared to WT mice orthotopically injected with PyMT

cells. In a number of cancer models, the presence of IL-4

promotes the development of tumors.38,39 However, in our

model, in vivo administration of anti-IL-4 antibody did not

reduce breast cancer tumors, which suggests that increased

tumor growth in cxcr3�/� mice is IL-4 independent. It

could be that the absence of IL-4 is compensated for by

other Th2 cytokines such as IL-13, which also signals

through the IL-4 receptor and promotes alternative macro-

phage activation. We are undertaking additional studies to

determine this possibility. Nevertheless, the inherent ten-

dency of cxcr3�/� macrophage polarization towards the M2

phenotype, even in the absence of IL-4, as well as their defi-

ciency in response to IFN-c stimulation, as demonstrated

by our in vitro data, appears to be the predominant cause

of enhanced tumor progression in cxcr3�/� mice.

The role of tumor associated macrophage populations

is well established in breast cancer.2,27 M2 macrophages

are generally associated with tumor progression in breast

cancer. As demonstrated by our immunohistochemical

data and realtime PCR results, genetic deletion of CXCR3

increased M2 polarization compared to WT counterparts,

in mice orthotopically injected with PyMT cells. Similar

results were observed following stimulation of cxcr3�/�

macrophages with PyMT supernatants, suggesting an

intrinsic tendency towards M2 macrophage polarization

in the absence of CXCR3. Further, the increased levels of

IL-4which contributes to alternative macrophage activa-

tion,40 observed in tumors and spleens of PyMT injected

cxcr3�/� mice could amplify M2 macrophage differentia-

tion, although this mechanism is not absolutely required.

IFN-c stimulation of macrophages contributes to the

generation of iNOS and nitric oxide which have been

shown to inhibit tumor growth and progression. In

cxcr3�/� mice, the ability of macrophages to produce these

factors after stimulation with IFN-c in vitro was attenuated

when compared to WT mice. Therefore, even though IFN-

c levels in the tumors of both groups of mice were compa-

rable, the observed deficiency in IFN-c responsiveness

could provide another explanation for diminished antitu-

mor responses in the absence of CXCR3. Other researchers

have observed similar defects in macrophage activation

when CXCR3 is deleted genetically or blocked chemi-

cally.24–26 More recently, it was shown that a disrupted
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IL12/IFN-c/NO axis occurs in cxcr3�/� macrophages.41

While the mechanism behind this altered response to IFN-

c stimulation by macrophages lacking CXCR3 is yet to be

fully understood, it is possible that this is mediated by a

lack of response to the CXCR3 ligands IP-10 and MIG,

which are induced by IFN-c stimulation.

Metabolic products of tumor cells play major roles in

determining the outcome of a tumor challenge.42 Our

analysis of PyMT supernatant triggered responses in

BMDMs of WT and cxcr3�/� mice revealed significantly

higher levels of arginase-1 and lower levels of iNOS

induction in cxcr3�/� mice compared to WT mice.

Although components in PyMT supernatants as well as

mechanisms involved in the observed differences need to

be characterized, it is evident that TAMs in cxcr3�/� mice

have a much higher propensity towards M2 macrophage

polarization within the tumor microenvironment of the

orthotopic PyMT model of breast cancer.

In conclusion we show that cxcr3�/� mice display

increased susceptibility to breast cancer and enhanced

PyMT breast tumor growth, which is likely due to

increased M2 polarization in the tumors and spleens of

affected mice. Identifying factors that contribute to suscep-

tibility to breast cancer tumors provide additional targets
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for therapeutic and vaccination strategies, which could be

used in combination with other targeted approaches.27 For

example, forced expression of the CXCR3 ligand CXCL11

has been suggested for immunotherapeutic design strate-

gies as it is associated with tumor regression in a murine

model of breast cancer.35 Pharmacologic inhibition of cy-

clooxygenase has been shown to increase the expression of

CXCR3 ligands CXCL9 and CXCL10 which promote anti-

tumor immune responses in breast cancer.20 The use of

CXCR3 agonists can potentially be another therapeutic

approach to suppress tumor promoting Th2 cytokine pro-

duction and M2 macrophage polarization which could

lead to regression of breast cancer tumors.
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